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ABSTRACT
A key atmospheric process that is studied in laboratory chambers is the oxidation of volatile organic
compounds to form low volatility products that condense on existing atmospheric particles (or
nucleate) to form organic aerosol, so-called secondary organic aerosol. The laboratory chamber
operates as a chemical reactor, in which a number of chemical and physical processes take place:
gas-phase chemistry, transport of vapor oxidation products to suspended particles followed by
uptake into the particles, deposition of vapors on the walls of the chamber, deposition of particles
on the walls of the chamber, and coagulation of suspended particles. Understanding the complex
interplay among these simultaneous physicochemical processes is necessary in order to interpret
the results of chamber experiments. Here we develop and utilize a comprehensive computational
model for dynamics of vapors and particles in a laboratory chamber and analyze chamber behavior
over a range of physicochemical conditions.

EDITOR
Ilona Riipinen

1. Introduction

Understanding the chemical mechanisms by which vola-
tile organic compounds (VOCs) are oxidized to low vola-
tility products and secondary organic aerosol (SOA) is a
major area of atmospheric chemistry research. The prin-
cipal source of data on mechanisms of SOA formation is
derived from laboratory chamber experiments, in which
VOCs are caused to undergo oxidation, most frequently
by the hydroxyl (OH) radical, to generate the low volatil-
ity products that condense into the particle phase
(Schwantes et al. 2017). The SOA yield (Y) is determined
as the ratio of the mass of organic aerosol formed to the
mass of VOC reacted. To promote condensation of VOC
oxidation products into the aerosol phase in the cham-
ber, inert seed particles are customarily introduced to
serve as sites for vapor condensation. Inevitably, the lab-
oratory chamber contains walls, and interactions of
vapors and particles with chamber walls must be
accounted for in interpretation of data. For example,
VOC oxidation products can condense onto growing
aerosol or deposit onto the chamber wall, and even in
the presence of seed aerosol, low volatility oxidation
products may accumulate to a level at which they nucle-
ate to form aerosol if the rate of generation of such prod-
ucts is sufficiently rapid to overcome the condensation

sink. If an appreciable fraction of the VOC oxidation
products deposits on the wall, then the SOA yield
derived from the chamber data will be understated, per-
haps significantly so. When such data are translated to
the atmosphere, SOA yields would be correspondingly
understated.

A common material used for flexible-walled environ-
mental chambers is fluorinated ethylene propylene
(FEP) Teflon film, customarily of thickness 0.05 mm.
Irradiation of the chamber with actual or artificial sun-
light is usually required to initiate photochemistry, and
Teflon film has the attribute that it is essentially trans-
parent to ultraviolet and visible radiation. From mea-
surement of the size distribution of the aerosol
suspended in the chamber over the course of an experi-
ment, one can infer the mass of organic material that has
condensed upon the original seed particles. There is
ample evidence, however, that particles (Crump and
Seinfeld 1981; McMurry and Grosjean 1985; McMurry
and Rader 1985; Nah et al. 2017) and organic vapors
(Matsunaga and Ziemann 2010; Yeh and Ziemann 2015;
Zhang et al. 2015; Krechmer et al. 2016) can deposit on
and adhere to Teflon chamber walls. To determine the
SOA yield that would be produced in a “wall-less” cham-
ber requires careful accounting for organic-containing
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particles and low-volatility vapors that deposit on the
chamber walls during the course of an experiment.

With recognition of the importance of competition
between the suspended particles and the chamber wall
for condensable vapors, strategies have been formulated
to conduct VOC oxidation experiments using progres-
sively higher concentrations of seed aerosol in order to
enhance condensation of the low volatility vapors onto
aerosol (Zhang et al. 2014; Nah et al. 2016, 2017). A con-
sequence of this strategy is that, as the seed aerosol num-
ber concentration is increased, coagulation becomes
increasingly important as a process affecting the aerosol
size distribution (Pierce et al. 2008). The resulting com-
plex coupling among aerosol condensational growth,
wall deposition, and coagulation must be quantified.

The goal of the present work is to study numerically the
temporal evolution of the vapor concentrations and the
size- and composition-distributed aerosol in an environ-
mental chamber undergoing gas-phase VOC oxidation
over the range of parameter values characteristic of SOA
formation. This includes particle growth by vapor conden-
sation, deposition of vapor and particles to the chamber
walls, and evolution of the particle size distribution due to
simultaneous condensational growth and particle–particle
coagulation. Several models exist based on numerical solu-
tion of the aerosol dynamic equations that address these
phenomena. Meng et al. (1998) formulated a three-dimen-
sional size-resolved and chemically resolved aerosol model,
based in part on the work of Pilinis (1990), with gas-to-
particle conversion represented by dynamic mass transfer
between gas and aerosol phases. The model, which also
includes explicit calculation of inorganic particle-phase
thermodynamics, was applied to simulate gas and particle
behavior in a 1987 air pollution episode in the South Coast
Air Basin of California. Pierce et al. (2008) developed a
model to simulate aerosol dynamics in a chamber involv-
ing simultaneous condensation, evaporation, coagulation,
and wall deposition. The Pierce model was employed by
Nah et al. (2016, 2017) to study effects of coagulation on
particle wall deposition. Bian et al. (2015, 2017) used the
TwO-Moment Aerosol Sectional (TOMAS) microphysics
model (Adams and Seinfeld 2002; Pierce and Adams 2009;
Pierce et al. 2011) to simulate organic species phase parti-
tioning and particle and gas-phase wall losses during smog
chamber characterization experiments involving wood
smoke. The TOMAS model computes a size-resolved sim-
ulation of aerosol microphysics, conserving number and
mass concentrations (see also Russell et al. 1998). Tian
et al. (2017) derived a stochastic particle-resolved aerosol
model (PartMC) that was applied to simulate coagulating
ammonium sulfate particles in a cylindrical chamber, with
special attention to fractal particle structure and wall loss.
The computational model used in the present study is

based on numerical solution of the aerosol dynamic equa-
tion (Seinfeld and Pandis 2016) to simulate particle growth
by condensation, particle wall deposition, and coagulation,
solved on a fixed particle size grid, with exact mass conser-
vation of species.

2. Particle wall deposition

From the advent of environmental chambers, it was recog-
nized that particles diffuse to and deposit on the chamber
walls (Crump and Seinfeld 1981; McMurry and Grosjean
1985; McMurry and Rader 1985). Because the rate of particle
deposition on the wall depends on the specific design param-
eters of each chamber (size, extent of mixing), the rate of wall
deposition of particles as a function of particle size is gener-
ally determined experimentally by introducing particles of
known sizes into the chamber, and after allowing time for
mixing, measuring the size-dependent rates of wall deposi-
tion. The rate of deposition on the chamber walls is generally
assumed to depend only on the particle size, so the rate of
decay of the suspended particle number concentration distri-
bution, ns(Dp, t), at diameter Dp is expressed as

@ns.Dp;t/

@t

� �
wallloss

D ¡b.Dp/ ns Dp; t
� � ½1�

where the particle wall deposition coefficient b(Dp) is deter-
mined by fitting the experimentally observed rates of decay
of particles as a function of diameter.

If wall deposition is the sole process affecting aerosol
number concentration in the chamber, determination of
b(Dp) from the rates of decay of particles of different
sizes is relatively straightforward. However, if coagula-
tion is appreciable, determination of b(Dp) as solely rep-
resenting particle wall deposition must account for the
contribution of coagulation to the observed rate of parti-
cle decay. The dynamics of a suspended particle popula-
tion ns(Dp,t) undergoing simultaneous coagulation and
wall deposition is governed by

@ns Dp; t
� �
@t

D 1
2

R Dp

0 K D3
p ¡ q3

� �16 3
; q

� �

ns D3
p¡ q3

� �16 3
; t

� �
ns q; tð Þdq

¡ ns Dp; t
� �R 1

0 K q;Dp
� �

ns q; tð Þdq
¡b Dp

� �
ns Dp; t
� � ½2�

subject to the initial condition ns Dp; 0
� �D n0 Dp

� �
;

where n0 Dp
� �

is the aerosol size distribution upon ini-
tial injection into the chamber, and K Dp1;Dp2

� �
is the

coagulation coefficient between particles of diameters
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Dp1 and Dp2: Determining the value of b(Dp) in the
presence of coagulation requires finding b(Dp) such
that the solution of Equation (2) subject to n0 Dp

� �
matches as closely as possible to the observed aerosol
dynamics in the chamber, ns Dp; t

� �
:

The combination of gravitational settling and Brow-
nian diffusion gives rise to a functional form of b Dp

� �
that, at the small end of the particle size spectrum,
decreases as Dp increases, owing to decreasing Brownian
diffusion, and at the large particle end of the size spec-
trum, increases as Dp increases, owing to increased parti-
cle settling velocity. Whereas the result is a characteristic
U-shaped function, the precise b Dp

� �
functionality must

be determined experimentally for each chamber. An
advantageous approach to determining b Dp

� �
is to spec-

ify a b Dp
� �

function having the proper characteristic
functionality, with a set of unknown parameters to be
determined by optimal fitting of the numerical solution
of Equation (2) to the observed size distribution dynam-
ics in the chamber in question (Pierce et al. 2008; Nah
et al. 2017). This procedure requires iterative numerical
solution of Equation (2), such that each revised set of
parameters characterizing b Dp

� �
moves the calculated

ns Dp; t
� �

closer to the experimentally observed ns Dp; t
� �

,
as measured by a performance criterion of closeness of
calculated ns Dp; t

� �
to observed ns Dp; t

� �
.

The goal is to minimize the objective function,

J½b Dp
� ��D R tf

0

R Dp; u

Dp; l
½ns; obs Dp; t

� �¡ ns; pred Dp; t
� ��2dDpdt

½3�

where ns; obs Dp; t
� �

is the observed size distribution and
ns; pred Dp; t

� �
is that predicted using an assumed func-

tional form of b Dp
� �

, here assumed to be

log10½b Dp
� ��D aC blog10 Dp

� �C c½log10 Dp
� ��2

C d½log10 Dp
� ��3 ½4�

where a, b, c, d are the parameters that characterize
b Dp
� �

: Before an optimal b Dp
� �

is found from the mini-
mization of J½b Dp

� �� in Equation (3), an initial guess for
the four parameters (a, b, c, and d) must be chosen.

To evaluate the performance of the minimization of J,
we performed 20-h simulations of simultaneous coagula-
tion and wall deposition of an aerosol introduced into a
chamber at t D 0 (Figure 1). n Dp; t

� �
was discretized into

50 logarithmically distributed bins with mean diameters
between 50 and 1,000 nm. The method for finding the ini-
tial guess is shown visually and explained in Figure 2 and
its caption. Randomly distributed measurement uncertainty
of 5% was added to particle number concentrations in each

bin. Figure 3 shows the results of optimization for 20 differ-
ent simulations, each of these with the same base data but
different realizations of the 5% measurement uncertainty.

3. Chamber physics and chemistry

3.1. Particle growth

During SOA formation, each particle that deposits on the
wall of an environmental chamber carries with it the con-
densed organic mass from the inception of the experi-
ment. In order to account for that particle-borne organic
material in computing the overall SOA yield, it is neces-
sary to keep track of particle size (and therefore the
amount of condensed organic) upon deposition. Since the
extent to which deposited particles continue to interact
with the gas-phase contents of the chamber is unknown,
two limiting assumptions have been invoked to estimate
the contribution of the deposited particles to the amount
of SOA (Hildebrandt et al. 2009; Loza et al. 2010): (1) The
"lower bound" assumption states that once particles
deposit on the wall, they cease interacting with the vapor

Figure 1. (a) and (b) show the evolution of a particle size distri-
bution undergoing coagulation and particle wall deposition over
20 h for an initially lognormal distribution, assuming b(Dp) shown
in (c). The initial total number concentration is 104 cm¡3, and the
initial lognormal distribution is centered at 225 nm with sg D
1.5. The mean diameters of the 50 bins are lognormally distrib-
uted between 50 and 1,000 nm. Data in (b) were generated by
applying §5% measurement uncertainty to the number concen-
tration in each of the 50 bins.
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in the chamber; and (2) The "upper bound" assumes that
wall-deposited particles continue to absorb vapor as if
they had remained suspended. Thus, the upper bound
assumption is identical to that if the particles were still
suspended. In treating the continued uptake of vapor by
particles that have deposited on the chamber wall, one
must assume an appropriate particle surface area for mass
transport. The assumption made here is that, after deposi-
tion on the wall, the particle retains its spherical shape,
and therefore its surface area remains the same as if it
were still suspended. For a discussion of assumptions con-
cerning the nature of deposited particles, the reader is
referred to Trump et al. (2016).

The rate of vapor uptake by a particle is described in
terms of the mass accommodation coefficient ap, which is
defined as the fraction of incoming vapor molecules that is
taken up by the particle (Julin et al. 2014; Zhang et al.
2015). The mass accommodation coefficient ap can be
defined as either surface (aps) or bulk (apb) accommoda-
tion coefficient (Kolb et al. 2010), the difference being the
extent to which the condensing molecule needs to be
incorporated in the particle bulk to be considered as
accommodated. Molecular-level simulations of molecule–
surface interactions can distinguish between surface and
bulk accommodation (Julin et al. 2014), but typical vapor–
particle interactions in a laboratory chamber tend to be
represented by a single overall mass accommodation coef-
ficient, ap. Rapid equilibration of an incoming vapor
between the gas and particle phases is a reasonable
assumption for a liquid-phase particle (Shiraiwa and
Seinfeld 2012), although if the particle is solid or semisolid
or if particle-phase chemistry plays an influential role
in uptake, accommodation can be retarded. From a mac-
roscopic point of view, the value of ap for a particular

vapor–aerosol system is determined by fitting observed
aerosol growth rate data to a dynamic growth model.

Particle-phase accretion reactions can produce effec-
tively nonvolatile products. Such products can lead to an
increase in the viscosity of the particle and reduced parti-
cle-phase diffusivity, retarding evaporation, and inhibiting
gas–particle partitioning (Virtanen et al 2010a, b; Vaden
et al. 2010, 2011; Abramson et al. 2013; Zaveri et al. 2014).
In such a case, the timescale to achieve gas–particle equilib-
rium, tg,p, may be long compared to the timescales for
achieving gas–wall partitioning and for VOC oxidation,
tg,w and trxn (Zhang et al. 2012; Shiraiwa and Seinfeld
2012; Shiraiwa et al. 2013; Mai et al. 2015). Retarded gas–
particle partitioning resulting from slow condensed-phase
diffusion of vapor molecules will drive the vapor–particle
system toward so-called kinetically limited growth. A
vapor–particle accommodation coefficient, ap, of order,
say, 10¡3, leads to a vapor–particle equilibration timescale
that is competitive with or can exceed that associated with
the rate of change of vapor concentration due to both
vapor-phase oxidation and vapor wall loss. When the pro-
duction rate of condensable vapors is slow compared to the
time needed to establish gas–particle equilibrium, the sys-
tem exhibits quasi-equilibrium growth.

The magnitude of the timescale needed to establish
gas–particle equilibrium, tg,p, relative to the timescales
for other processes in the system governs the extent to
which the system is characterized by kinetically limited
versus quasi-equilibrium growth. Gas–particle equilib-
rium is governed by the total organic mass in the system
and is not explicitly dependent on the aerosol surface
area. In contrast, kinetically limited condensation, for
which tg,p is competitive with the timescale for VOC oxi-
dation, depends on the aerosol surface area. The

Figure 2. Process for choosing an initial guess for b(Dp). The solid (red) dots represent the number concentration in the same size bin in all
three distributions. (a) and (c) represent data points at times t1 and t2, respectively. When used to find an initial guess, time increments (t2 –
t1) were chosen to be 6.5 min; in this figure, the time increment is 4 h, so that the procedure is visually obvious. (b) A simulation for one
time increment with the distribution at t1 as the initial condition and with b(Dp) D 0. Since (b) corresponds to a system in which particles
from the distribution at t1 are allowed to coagulate but not to deposit on the wall, the difference between the number concentration of a
specific size bin from the t2 distribution, shown in (b), and from the actual distribution at t2, shown in (c), is then denoted DNDeposition. b(Dp)
is next calculated as b Dp; t1 6 2

� �D DNDeposition

Nt1 t2 ¡ t1ð Þ : A mean b(Dp) can be found by averaging these values for a specific Dp over all the time points

where the initial distribution has arbitrarily >10 particles cm¡3 for that size bin. These average b(Dp) values are next fit to the function in
Equation (4) and these values of a, b, c, and d are used as an initial guess for the determination of b(Dp).
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timescale for the production of condensable vapors, trxn,
is generally estimated on the basis of krxn [OH]. If tg,p >
trxn, condensation is kinetically limited. As ap increases
toward unity, tg,p decreases with respect to trxn, and con-
densation shifts toward quasi-equilibrium growth.

3.2. Idealized kinetics

The essential characteristics of the gas-phase oxidation of
a VOC to form SOA are the timescale of oxidation and
the progression to lower volatility oxidation products. As
a means of representing gas-phase kinetics in the
simulations to follow, we use the idealized first-order
kinetic scheme of McVay et al. (2014):

A !k1 B !k2 C !k3 D

In this scheme, A represents the completely volatile par-
ent VOC, and B, C, and D represent oxidation products,
with successively decreasing volatility. The magnitudes of

the effective first-order rate constants, k1, k2, and k3, govern
the overall chemical reaction timescale of the system. The
volatilities of the oxidation products are represented by
their saturation mass concentrations, CB

�
, CC

�
, and CD

�
. In

the present study, we do not consider particle-phase chem-
istry involving condensed B, C, and D. One could hypothe-
size generalized particle-phase reactions involving
condensed B, C, and D that would further decrease (or pos-
sibly increase) the volatility of the aerosol, but this aspect is
left for future work, especially in the case in which explicit
particle-phase chemistry is established.

3.3. Vapor wall deposition

Vapor molecules in the generally well-mixed core of a
chamber are transported through a boundary layer
adjacent to the walls by a combination of molecular
and turbulent diffusion (Zhang et al. 2015; Ye et al.
2016; Trump et al. 2016). As a vapor molecule i
reaches the chamber wall, the fraction of encounters
that lead to uptake is represented by the vapor wall
accommodation coefficient, aw,i, which depends on
the nature of the wall surface as well as the chemical
composition of the species. Vapor species that deposit
on the wall, in principle, may re-evaporate, eventually
leading to an equilibrium between the gas phase and
the wall. The absorptive nature of the wall has been
characterized by a parameter defined as the equivalent
absorbing organic mass on the wall, Cw (Matsunaga
and Ziemann 2010; Yeh and Ziemann 2015). For an
FEP Teflon-walled chamber, the quantity Cw can be
regarded as characterizing the equilibrium solubility
of individual vapor molecules in FEP Teflon polymer.

The rate of uptake of vapors by the wall can be char-
acterized by the overall first-order vapor wall deposition
coefficient, kw, which depends on the surface area-to-vol-
ume ratio of the chamber, the degree of mixing in the
chamber, the rate of gas-phase diffusion across the wall
layer, and the vapor-wall accommodation coefficient,
aw,i (Zhang et al. 2015). The timescale characterizing the
vapor wall deposition process is tg,w D kw

¡1.
The rate of deposition of vapor to the chamber walls is

represented as a first-order process, characterized by the
first-order rate coefficient, kw (s¡1) (Zhang et al. 2015).
Vapor wall deposition is assumed to be reversible, with
the vapor-wall partitioning coefficient, Kw:

Kw D R T
Mw gw Psat

½5�

Here R is the ideal gas constant, T is temperature,
Mw is the effective molecular weight of the absorbing
wall material, gw is the effective activity coefficient of

Figure 3. Optimization procedure to determine b(Dp). The full
optimization procedure to determine b(Dp) was performed
20 times and each thin (red) curve represents one of these con-
verged functions. Each of the optimized b(Dp) functions was
determined by taking the number concentrations in all of the 50
size bins shown in Figure 1a and subjecting these to a §5%
random; an example of the data used as an input is shown in
Figure 1b. Once an initial guess of a, b, c, and d was found (the
method for which is shown in Figure 2), these four parameters
were used to minimize the function J b Dp

� �� �
in Equation (3).

An average of 290 iterations were required for the optimization
to converge. These values of a, b, c, and d then give the deter-
mined b(Dp), which is shown as a thin (red) curve. In actual cham-
ber experiments, the true value of b(Dp) is unknown; using the
method described here produces the set of thin (red) curves. To
assess the performance of this method, we applied this proce-
dure with simulated data with an assumed, true value of b(Dp),
which is shown both in Figure 1c and here in bold (black) to visu-
ally aid the comparison to each of the thin (red) lines. The range
for the x-axis includes only bins with a number concentration
>10 cm¡3 for the duration of the 20-h experiment.
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the dissolved material in the wall, and Psat is the satu-
ration vapor pressure of the species of interest. Oxi-
dation products, B, C, and D, are considered to
condense on suspended particles as well as deposit
reversibly onto the chamber walls. The governing
equation for the concentration of a suspended vapor,
such as B, is:

dBg

dt
D ¡ kw;on;BBg C kw;off ;BBw C k1Ag ¡ k2Bg ¡ JB

½6�

where, kw,on and kw,off (s
¡1) are the first-order rate coef-

ficients for deposition on and evaporation from the
wall, k1 and k2 are the oxidation rate constants of A and
B, Bg and Bw are the concentrations of B suspended and
on the wall, respectively, and JB is the condensation rate
of B onto particles. Vapor molecules are transported
both to and from the wall. We express Kw in terms of
kw,on and the first-order evaporation coefficient kw,off.
kw,on and kw,off are related through

KwCwD kw;on
kw;off

½7�

kw,on represents the overall rate of transport of vapor species
from the core of the chamber to the edge of the wall bound-
ary layerand through theboundary layer bymoleculardiffu-
sion (McVay et al. 2014;Zhanget al. 2015),

kw;on D A
V

� � aw c
4

1C p
2

aw c
4
ffiffiffiffiffiffiffiffiffi
ke Di

p
� � ½8�

kw;off D kw;on C�

Cw
½9�

Here A/V is the surface area to volume ratio of the
chamber; aw is the mass accommodation coefficient of
vapor species on the wall; ke is the eddy diffusion coeffi-
cient for mixing in the chamber; Di is the molecular diffu-
sivity of the vapor in the thin layer adjacent to the wall; c
is the mean thermal speed of the vapor, assumed for con-
venience to be the same for B, C, and D; Cw is the effective
wall organic aerosol concentration; and Ci

�
is the satura-

tion mass concentration for species i. As noted earlier, Cw

is the parameter that represents the capacity of the Teflon
material itself to absorb organic molecules. Typical values
of Di and c for the classes of molecules important in SOA
formation are »3 £ 106 m2 s¡1 and 200 m s¡1, respec-
tively. Values of ke ranging from 10¡3 to 1 s¡1 correspond
to chamber mixing timescales of 17 min to 1 s. A mixing
timescale of 10¡3 s¡1 is characteristic of that in a typical
chamber of volume exceeding»20 m3.

3.4. Aerosol conservation equation

The overall governing conservation equation for the sus-
pended aerosol size distribution ns(Dp, t) is as shown
below:

@ns.Dp; t/

@t
D @ns.Dp;t/

@t

� �
coagulation

C @ns.Dp;t/

@t

� �
condensation

C @ns.Dp;t/

@t

� �
wallloss

½10�

The rate of condensation of vapor molecules onto
particles is given by:

Ji D 2pDiDp Gi ¡ Geq
i

� �
FFS ½11�

where Gi is the gas-phase concentration of species i, Gi
eq is

the equilibrium gas-phase concentration over a particle,
and FFS is the Fuchs–Sutugin correction factor for noncon-
tinuum gas-phase diffusion (Seinfeld and Pandis 2016),

FFS D 0:75 ap 1CKnð Þ
Kn2CKnC 0:283 Kn apC 0:75 ap

½12�

The rate of change of the suspended aerosol size dis-
tribution owing to vapor condensation on suspended
particles is:

@ns.Dp;t/

@t

� �
condensation

D ¡ @

@Dp
½I Dp; t
� �

ns Dp; t
� ��

½13�

where I(Dp, t) is the rate of change in particle diameter
due to condensation or evaporation.

3.5. Key parameters

The principal parameter that controls the rate of particle
growth by vapor condensation is ap, the accommodation
coefficient of a vapor species on particles. As noted ear-
lier, ap has been found to vary over the range of »0.001
to close to 1.0 for different VOC systems (McVay et al.
2014). A related parameter, apw, describes the growth by
vapor condensation of particles that have deposited on
the wall. Of the two limiting assumptions that describe
the growth of particles that have deposited on the wall,
we adopt the lower bound assumption, in which once
particles are lost to the walls, vapor condensation to
these particles ceases, in which case, apw D 0.
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The oxidation rates of the vapor species, A, B, and C,
as embodied in the first-order rate coefficients k1, k2, and
k3, establish the overall time scale for the temporal
behavior of the system. The nominal initial oxidation
rate constant for the simulations to be presented subse-
quently is k1 D 10¡4 s¡1, with each subsequent oxidation
rate coefficient assumed to increase by a factor of five.
Vapor wall deposition is represented by the principal
parameters, Cw the effective wall organic aerosol concen-
tration, and aw, the accommodation coefficient of vapor
species onto the wall. The nominal value of aw is
assumed to be 10¡5. Matsunaga and Ziemann (2010)
estimated a range of values, Cw D 2, 4, 10, and 24 mg
m¡3 for alkanes, alkenes, alcohols, and ketones. The
nominal value used in the numerical studies here is
Cw D 10 mg m¡3. Nominal values of parameters are
summarized in Table 1, together with ranges used in
simulations.

The size distribution of the seed aerosol at the start of
an experiment is assumed to follow a log-normal distri-
bution centered at a diameter of 225 nm, with geometric
standard deviation sg D 1.5. The initial number concen-
tration of seed particles is a key experimental variable.
The base value of the initial seed number concentration
is taken as 104 cm ¡3.

3.6. Computational model

The computational model tracks the evolution of the
particle size distribution in the chamber over time,
and that of the gas-phase concentrations of A, B, C,
and D, as well as the fraction of each that is suspended
or on particles/the wall. Because the stoichiometric
coefficients in the idealized gas-phase chemistry have
been chosen to be unity, given adequate time in the
chamber and the absence of wall deposition of par-
ticles or vapor, the theoretical maximum yield of SOA
(the mass of SOA formed per mass of A reacted) that
can be achieved is 1.0. Simulations are carried out for
an experimental time of 20 h.

4. Computational simulations

The focus of the present work is exploring the relative
importance of the physicochemical processes involving
vapor molecules and particles in an environmental cham-
ber, with particular attention to those competitive processes
that arise as a consequence of the chamber itself. Here we
present a range of simulations in which physicochemical
parameters are systematically varied. Whereas there are
several metrics that could be used to assess the characteris-
tics of a particular chamber experiment, the SOA yield, Y,
attained over a fixed experimental duration serves as the
overall measure of the performance of the system.

4.1. Simultaneous vapor condensation on particles
and vapor and particle deposition on chamber
walls

Figure 4 shows the effect of variation of key parameters
on SOA yield. Y increases as ap increases since vapor
condenses onto particles more readily (Figure 4a), and Y
becomes less sensitive to ap as ap approaches unity. At
the limit ap D 1, Y is only mildly sensitive to the value of
aw (Figure 4b) since vapor condensation on particles
proceeds at its maximum rate; at ap D 0.001 a consider-
able portion of the vapor remains suspended for a longer
period of time, and is therefore subject to vapor wall
deposition, leading to a strong effect of increasing aw on
Y. As Cw decreases (Figure 4c), the capacity of the wall to
take up vapor decreases, increasing Y. As the rate con-
stants for A ! B ! C ! D increase (Figure 4d), over a
fixed experimental time, Y increases rapidly as ap
increases owing to the greater availability of lower vola-
tility oxidation products, B, C, and D. As the values of
CB

�
, CC

�
, and CD

�
decrease (Figure 4e), the overall lower

volatility of oxidation products leads to an increase in Y,
although at ap D 0.001, that increase is modest, since the
value of ap exerts a stronger control on Y than does the
volatility C

�
, at the assumed values of CB

�
, CC

�
, and CD

�
. Y

increases as the initial number concentration of particles
(Figure 4f) increases, particularly for ap D 0.001. This is

Table 1. Chamber parameters.

Parameter Definition Base value Range of values considered

ap Accommodation coefficient of vapor species on suspended particles 10¡3 10¡3 to 1
apw Accommodation coefficient of vapor species on particles deposited on the wall 0 0 and ap
aw Accommodation coefficient of vapor species deposited on the wall 10¡5 10¡7 to 10¡4

k1 First-order oxidation rate constant for A 1 £ 10¡4 s¡1 1 £ 10¡6 to 1 £ 10¡3 s¡1

k2 First-order oxidation rate constant for B 5 £ 10¡4 s¡1 5 £ 10¡6 to 5 £ 10¡3 s¡1

k3 First-order oxidation rate constant for C 25 £ 10¡4 s¡1 25 £ 10¡6 to 25 £ 10¡3 s¡1

Cw Effective wall organic aerosol concentration 10 mg m¡3 10¡2 to 10 mg m¡3

CB
�

Saturation mass concentration for species B 10 mg m¡3 10¡1 to 102 mg m¡3

CC
�

Saturation mass concentration for species C 1 mg m¡3 10¡2 to 10 mg m¡3

CD
�

Saturation mass concentration for species D 10¡1 mg m¡3 10¡3 to 1 mg m¡3

Nt Initial total number concentration of seed particles 104 cm¡3 103 to 106 cm¡3
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because an increase in number concentration increases
the suspended surface area and so preferences condensa-
tion onto suspended particles. When ap D 1, there is less
competition in condensation between the wall and the
suspended particles, so the effect of an increase in sus-
pended surface area is dampened: since condensation
onto suspended particles is already dominating conden-
sation onto the walls, the change in this surface area due
to coagulation – while still quite small – is noticeable,
that is, in the absence of coagulation, the total available
suspended surface area decreases since all particles are
modeled as spheres.

The effect of ap (0.001 vs. 0.01 vs. 1.0) on the distribu-
tion of products B, C, and D at the end of the experiment
is shown in Figure 5. Under conditions of ap D 0.001, at
the end of the simulation (Figure 5a), the majority of
species B, C, and D is predicted to have deposited on the
chamber wall. An increase in ap by a factor of 10 to 0.01

(Figure 5b) has a substantial effect on the distribution of
B, C, D, as Y is predicted to increase from 0.32 to 0.77.
At ap D 1 (Figure 5c), the majority of products B, C, and
D reside on suspended particles, and Y has increased to
0.88. In all three cases, little of the products reside in par-
ticles that have deposited on the chamber wall, owing to
the fact that the surface area of deposited particles is
much less than that of the suspended. There is little dif-
ference between the cases of ap D 0.1 and ap D 1 (not
shown); an accommodation coefficient of 0.1 is essen-
tially equal to ap D 1.0 in terms of the effect on the distri-
bution of products.

Decreasing aw (10¡7 vs. 10¡5) at ap D 0.001, as seen
in Figure 6, produces a dramatic change of product dis-
tribution Y from that at aw D 10¡5. At aw D 10¡7, the
majority of B, C, and D are predicted to reside on sus-
pended particles, and Y D 0.93 versus 0.32, with virtually
no suspended vapor left in the chamber. For aw > 10¡5,

Figure 4. Secondary organic aerosol (SOA) yield Y for nominal parameter values in Table 1 with coagulation occurring. (a) ap; (b) aw; (c)
Cw; (d) k1; k2; k3; (e) CB

�
; CC

�
; CD

�
, (f) Nt. In (f), both the presence and absence of coagulation are considered.
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there is little change in the distribution of B, C, and D
from that at aw D 10¡5 (not shown).

The effect of increased oxidation rate on the distribu-
tion of B, C, and D at the end of the simulated experi-
ment for ap D 0.001 is shown in Figure 7. The nominal
values of k1, k2, and k3 are 0.0001 , 0.0005, and 0.0025
s¡1, respectively; at a factor of 10 increase, k1 D 0.001
s¡1, k2 D 0.005 s¡1, and k3 D 0.025 s¡1, conversion of A
to D occurs an order of magnitude more rapidly. This
accelerated rate of conversion is not, however, accompa-
nied by a concomitant increase in Y. Comparing
Figures 5a and 7a, we note that Y increases only from
0.32 to 0.36. The explanation for this modest increase in
Y can be attributed to the value of ap D 0.001; despite an
order of magnitude increase in reaction rates, the low
accommodation rate of vapor on particles (ap D 0.001)
exerts the dominant influence on Y. When the order of
magnitude increase in k1, k2, and k3 occurs at ap D 1.0
(Figure 7b), the so-called kinetic effect is clearly demon-
strated, with the overall Y increasing from 0.36
(Figure 7a) to 0.96 (Figure 7b).

Since apw is set to 0 throughout all the simulations
described, the compounds are found on deposited particles
only when they condense on suspended particles and these
particles later deposit on the chamber walls. Since increasing

the oxidation rate shifts the condensation of compounds
onto particles earlier in the experiment – when there are still
numerous particles present – more of the compounds end
up on particles that later deposit on the walls.

Experimental evidence suggests that Cw is likely to be
relatively large (Matsunaga and Ziemann 2010). At values
near the nominal value of Cw D 104 mg m¡3, Y does not
vary appreciably for modest changes in Cw, but does vary
significantly for values lower than the nominal value
(Figure 4c). Y is most sensitive to Cw when the value of Cw

is in the vicinity of that of COA (the concentration of organ-
ics). The effect of the value of Cw on Y is addressed in
Figure 8. If Cw is decreased from its nominal value of 104 to
10 mg m¡3, at ap D 0.001 and aw D 10¡5, Y increases to
0.47 (Figure 8) from 0.32 (Figure 5a). At apD 1, Y increases
from 0.88 at Cw D 104 mg m¡3 to 0.97 at Cw D 10 mg m¡3

(distributions of B, C, D not shown).
The predicted value of Y corresponding to the two limit-

ing assumptions regarding the extent to which particles on
the wall continue to take up vapor can be assessed. We con-
sidered the distribution of B, C, D, in the two limiting cases
in which wall-deposited particles either continue to or do
not absorb vapors. For ap D 0.001, Y with (apw D ap) and
without particles in the wall growing is, respectively, 0.33
and 0.32. At ap D 1.0, Y D 0.91 for apw D 1 and 0.88 for

Figure 5. Variation of the distribution of oxidation products B, C, and D among suspended vapor, wall deposited vapor, suspended par-
ticles, and wall deposited particles for the nominal parameter values in Table 1. (a) ap D 0.001; (b) ap D 0.01; (c) ap D 1.0.
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apw D 0. These results demonstrate the relatively small dif-
ference in Y between the so-called upper and lower limit
assumptions concerning the extent to which particles
deposited on the wall continue to absorb vapors.

4.2. Effect of coagulation

Implementation of increasingly higher number concentra-
tions of seed aerosol as a means to stimulate preferential con-
densation of vapor on particles is accompanied by increasing
influence of coagulation on the dynamics of the particle size
distribution (Nah et al. 2016, 2017). Also, as particles in the
chamber grow due to accretion of vapor oxidation products,

the overall rate of wall deposition of particles evolves, in
accordance with the particle size dependence of the wall
deposition function, b(Dp). Coagulation occurs simulta-
neously with particle growth, also serving to shift the overall
particle size distribution to larger diameters, at the same time
accompanied by a reduction in the overall particle number
concentration. Coagulation leads to a decrease in the overall
surface area of the suspended particles, since there are fewer
particles, and because particles grow into sizes for which the
deposition rate b(Dp) is larger. The overall decrease in sur-
face area is, therefore, a combined result of coagulation and
increased wall deposition.

Vapor deposition on the walls of the chamber is con-
trolled by the two parameters, aw and Cw. Particles that
deposit onto the wall serve to decrease both the amount
of suspended oxidized products and the overall rate of
condensation. Moreover, as Nt is increased with all other
conditions the same, Y increases, since the effect of vapor
wall loss is diminished, and at higher ap, condensation
competes more favorably with vapor wall deposition,
leading to higher Y. In simulations carried out in the
presence and absence of coagulation (not shown), coagu-
lation has a modest effect on Y at high seed concentra-
tions and low ap. Furthermore, comparison of
simulations with small and large mean diameters (Dpg D
100 and 400 nm) shows that coagulation has a larger
effect on smaller diameter particles (not shown).

4.3. Kinetically limited versus quasi-equilibrium
growth

The extent to which SOA yield increases with increas-
ing seed aerosol surface area depends on the nature of
the VOC oxidation system. In the toluene photoxida-
tion system, Zhang et al. (2014) showed that Y

Figure 7. Variation of the distribution of oxidation products B, C, and D among suspended vapor, wall deposited vapor, suspended par-
ticles, and wall deposited particles for a tenfold increase in k1, k2, and k3 over the nominal values at ap D 0.001 (a) and ap D 1.0 (b). For
(a), the retarded rate of condensation of B, C, and D on suspended particles leads to an accumulation of wall deposited vapor and Y D
0.36, whereas for (b), the lack of retardation of condensation leads to Y D 0.96.

Figure 6. Variation of the distribution of oxidation products B, C,
and D among suspended vapor, wall deposited vapor, suspended
particles, and wall deposited particles for parameter values in
Table 1 except for aw D 10¡7. By comparison with Figure 5a,
note the strong effect of a two order of magnitude decrease in
aw on the distribution of B, C, and D among the suspended par-
ticles, wall deposited vapor, and deposited particles.
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increases with increasing seed aerosol surface area,
whereas Nah et al. (2016) found in the a-pinene ozo-
nolysis system that SOA growth rate and Y are essen-
tially independent of seed surface over the range of
seed surface area studied. Moreover, McVay et al.
(2014) showed that Y depends on seed aerosol surface
area only in systems in which the condensation of
SOA-forming vapors onto seed aerosol particles is
kinetically limited, that is, the timescale to establish
gas–particle equilibrium is competitive with or greater
than the timescales for VOC oxidation and vapor
wall deposition. In addition to seed aerosol surface

area, VOC oxidation rate may also play an important
role in establishing the effect of vapor wall deposition
on SOA formation, with more rapid oxidation leading
to higher Y. This is a consequence of the competition
between growing particles and chamber walls for con-
densable VOC oxidation products. In the a-pinene
ozonolysis SOA system of Nah et al. (2016), the
best fit ap value of 0.1 (or 1 with essentially the same
statistical error) is consistent with the absence of
significant limitations to vapor particle mass transfer,
for which SOA formation is governed by quasi-equi-
librium growth (Saleh et al. 2013; McVay et al.
2014).

The key parameter controlling the competition
between the seed aerosol surface area effect and the
oxidation rate effect is ap (Figure 9). In general, for
ap » 0.1 to 1.0 (Figure 9a has ap D 1.0), the oxida-
tion rate dominates, and Y increases significantly as
the VOC oxidation rate increases, while seed aerosol
surface area has a negligible effect. For ap D 0.001
(Figure 9b), both effects can be observed: at low oxi-
dation rate and high seed aerosol surface area, the
oxidation rate effect dominates; at low seed aerosol
surface area and rapid oxidation rate, the seed surface
area dominates. In summary, the magnitude by which
vapor wall deposition affects SOA yield depends on
the extent to which the VOC system is characterized
by kinetically limited SOA condensation growth. For
either large ap or large Nt, the chamber is effectively
saturated with particles in terms of its competitive-
ness with the oxidation rate, so neither changing has
much of an effect on Y. When comparing the cases
in the presence and absence of coagulation (not
shown), overall SOA yields are predicted to be lower
in the presence of coagulation, owing to the decrease
of the overall surface area of particles available for
vapor condensation.

Figure 8. Variation of the distribution of oxidation products B, C,
and D among suspended vapor, wall deposited vapor, and par-
ticles for ap D 0.001 and Cw D 10 mg m¡3. At ap D 0.001, the dif-
ference in Y corresponding to Cw D 10 mg m¡3 and Cw D 104 mg
m¡3 (see Figure 5a) is a decrease from 0.47 to 0.32, reflecting the
capacity of the wall to take up vapors.

Figure 9. SOA yield as a function of initial seed concentration, Nt, and the oxidation rate, k, where the nominal oxidation rates are k1 D
0.0001 s¡1, k2 D 0.0005 s¡1, and k3 D 0.0025 s¡1. For (a) ap D 1.0, the oxidation rate dominates since Nt has a negligible effect on Y.
For (b) ap D 0.001, the oxidation rate dominates at low oxidation rates but the seed aerosol surface area dominates at rapid oxidation
rates and relatively low seed aerosol surface area.
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5. Conclusion

This work applies a computational model to simulate the
dynamics of vapors and particles in an environmental
chamber in which a VOC is undergoing oxidation to
generate SOA. Here, we explore numerically the compet-
itive processes involving vapors, particles, and the cham-
ber walls in such a system. In order to avoid
technicalities of actual gas-phase kinetics, we have uti-
lized the canonical reaction system of A ! B ! C !
D, in which each reaction product is characterized by
decreasing volatility from its predecessor. Several key
parameters emerge as strongly influencing the rate of
generation of SOA; these include the accommodation
coefficients of vapor species on growing particles and the
wall, ap and aw, respectively, and the equilibrium solubil-
ity of vapors in the wall itself, Cw. We have also assessed
the effect of particle–particle coagulation on particle
dynamics and SOA formation. The challenge now
remains to simulate chamber dynamics in actual VOC
systems with explicit oxidation kinetics and array of
reaction products.
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